The replication of rodent parvovirus XI4 DNA has been studied in rat embryo tissue culture cells. Virus DNA was isolated from I M-NaC1-SDS-pronase supernatant fluids from 24 h after infection. The majority of this DNA was 1.7/zm in length and double-stranded, indicating that it was an intermediate in the replication cycle of this single-stranded DNA virus. Single-stranded DNA of equivalent length was isolated directly from XI4 virions. The buoyant density of this DNA was I'728 g/ml whereas the double-stranded form banded at 1.714 g/ml in caesium chloride gradients. Difficulties in detecting significant amounts of single-stranded viral DNA directly from infected cells would appear to indicate that progeny single-stranded DNA is rapidly encapsidated after synthesis.
INTRODUCTION
Parvo (pico DNA) viruses are small, physically stable DNA-containing agents with icosahedral symmetry (Mayor & Melnick, I966; Toolan, I968; Tinsley & Longworth, I973; Mayor, I973) -These viruses form a diverse group with hosts ranging from vertebrates to bacteria. Two subgroups based on the ability of members to replicate with or without participation of a helper virus are currently recognized. Group A includes all parvoviruses capable of autonomous replication. These viruses show a marked affinity to infect rapidly dividing cells. Examples of Group A parvoviruses are the hamster osteolytic viruses H1, H3 (Toolan, I968) , MVM (Crawford, I966), RV (Kilham & Olivier, I959) mink enteritis virus (Johnson & Cruickshank, I966) and possibly the newly isolated gastroenteritis virus (Kapikian, 1972) and hepatitis A (Feinstone et al. 1973) . Group B agents comprise the adenoassociated satelllite viruses (ASV, AAV) (Hoggan, Blacklow & Rowe, I966; Mayor, I973) . These agents are biologically defective and cannot produce viable progeny unless host cells are co-infected with a helper adenovirus (Atchison, Casto & Hammon, I965; Mayor & Melnick, I966) . in some cases herpesvirus can provide a limited helper function leading to production of satellite virus DNA and capsid antigens but not to infectious virions (Atchison, I97o; Blacklow, Hoggan & McClanahan, I97O; Boucher, Melnick & Mayor, I97I) . Although dissection of the molecular events involved during the replication of ASV in susceptible cells is complicated by presence of the helper virus, there have been a number of recent analyses of the DNA produced in adenovirus-satellite virus systems (Hadidi et al. I973; Mayor &Ratner, I973) and herpesvirus-satellite virus systems (Mayor, Drake & Jordan, I974) . However, until the recent study by Tattersall, Crawford & Shatkin (I973) with MVM, little was known about the synthesis and structure of intracellular forms of DNA produced during infection with autonomous parvoviruses such as XI4, RV and MVM. This paper reports our recent findings on the replication of rat virus XI4 in tissue culture. This extension of our previous studies with defective satellite virus to an autonomous parvovirus should prove helpful in determining those properties or parameters which are important in viral defectiveness.
METHODS
Virus and cells. XI4 virus was grown in primary tissue cultures of rat embryo cells (Flow Laboratories) as described previously (Mayor & Jordan, I966) . The cells were propagated in I6 oz or 32 oz prescription bottles in Basal Medium Eagles (BME) with I o ~ foetal calf serum. Barely confluent monolayers were inoculated with approx. I O 7 TCDso of X14 virus at a multiplicity of 2 TCDs0/cell. Two hours after infection the cultures were labelled with [ZH]-thymidine (o'5o #Ci/ml; Schwarz/Mann, sp. act. I I Ci/mm).
Virus purification and extraction of DNA from virions. Five days after infection, when c.p.e, were well advanced, the cells were frozen and thawed three times. The harvests were pelleted at 3oooo rev/min in the 3o rotor of a model L3-5 o ultracentrifuge for 3 h. They were resuspended in o.2 M-acetate buffer, pH 5.6, and sonicated for 30 s at 7o cycles in a Biosonic sonicator, o.2 #g/ml neuraminidase was added to the resuspended pellet and the material was incubated at room temperature (22 °C) for 3o min. The solution was clarified by low speed sedimentation and the supernatant fluid extracted with an equal volume of genetron, pelleted for 2 h at 4oooo rev/min in a 4o rotor 0o5ooog), resuspended in I x SCC (o.I5M-NaCl-o.oI5M-sodium citrate-o.ooi M-EDTA, pH7) overnight and further purified on pre-formed 4 ml gradients of CsCI spun to equilibrium for I8 h at 4 °C in a SW 5o'I rotor at 35ooo rev/min.
The gradients were collected by bottom puncture and o'o25 ml of each fraction was assayed for [3H]-radioactivity by liquid scintillation counting in Instagel (Packard Instrument Company) using a Beckman LS-25o liquid scintillation system. Buoyant densities were determined by measurements of refractive index. Fractions with peak activity were pooled and dialysed against I x SSC prior to electron microscopic monitoring for purity and homogeneity, particle counting and haemagglutinin assay.
In a number of experiments virus was purified on gradients of renografin (Squibb RENO-M-76; Jordan & Mayor, I974) . These gradients were fractionated by top unloading using an ISCO density gradient collector and analyser.
DNA extraction from virions, o'45 ml XI4 virus, purified as above, was added to 0"05 ml I N-NaOH (final pH II'O) and incubated at room temperature (22 °C) for Io min.
6"43 g CsC1 was dissolved in 5 ml I x SSC and 5 ml of this solution placed in a nitrocellulose centrifuge tube. The treated virus suspension was layered over the CsC1 and the material spun to equilibrium for 48 h at r5 °C in the SW 5o'I rotor at 35ooo rev/min. The gradients were harvested by bottom puncture and assayed for radioactivity and buoyant density as described above.
Labelling and preparation of infected cell DNA. Rat embryo cells were inoculated with I ml XI4 virus as described above. One hour after adsorption Eagles medium essential medium containing 2 ~ foetal calf serum was added, and incubation continued at 37 °C. 17 h after infection the cultures were labelled with 5 o #Ci [aH]-thymidine/I6 ozbottle. At selected time intervals thereafter low tool. wt. DNA was selectively extracted from control and infected cultures using the sodium dodecyl sulphate (SDS)-I M-NaC1 precipitation technique first described by Hirt (~ 967) and applied previously to the extraction of infectious satellite virus DNA by Boucher et al. 097 I) and by Mayor &Ratner (I973). Pronase (2 mg/ml), self digested for I h at 37 °C, was added IO min after treatment with SDS and maintained in the cultures until the addition of 5 i-NaC1 40 min later. After overnight refrigeration the lysates were centrifuged at 12000 rev/min (I7ooog) in a Sorvall RC2 for 3o min at 4 °C and the supernatant fluids were removed for further analysis. After dialysis against I x SSC supernatant fluids were assayed for radioactivity and centrifuged to equilibrium in isopycnic gradients of CsC1 of mean density 1.7o5 g/ml at 25 °C for 48 h at iooooog in the SW 5o'1 rotor of a Beckman L3-5o ultracentrifuge. The gradients were fractionated by bottom puncture as 20 drop fractions. 0"025 ml samples were counted in IO ml Instagel. The densities of fractions were calculated from measurements of refractive index.
Fractions with peak radioactivity were pooled, dialysed against I x SSC and further analysed by column chromatography, electron microscopy and velocity sedimentation in neutral and alkaline gradients of sucrose. DNA from the 'Hirt' pellet fractions (high mol. wt. nuclear cell DNA) was prepared by washing the pellet with ice-cold 5 ~ trichloroacetic acid and hydrolysing with 0"5 N-perchloric acid for 20 min at 70 °C. After dialysis against I x SSC, portions were assayed for radioactivity by liquid scintillation counting.
Neutral sucrose sedimentation. Radioactive DNA (0.2 ml) was layered on to a 4"8 ml 5 to 30 ~o w/w linear sucrose gradient in TNE, pH 7"0. DNA was sedimented at 35000 rev/ min in a SW 5o-I rotor for 3"5 h at 4 °C.
[aH]-SV4o Form I and II DNAs were used as markers run in parallel gradients.
Alkaline sucrose sedimentation. DNA (o.2 ml) was made o'25 M in NaOH and layered on to 5 to 30 ~o w]w linear sucrose gradients in TNE (o.oi M-tris buffer, o.I M-NaC1, o'ooi M-EDTA, pH 7"2) adjusted to pH 12" 5 with IO N-NaOH.
[3H]-SV4o Form I and Form II DNAs were included as markers. DNA was sedimented at 35000 rev/min in a SW 5o"1 rotor for 3"5 h at 4 °C.
Nitrocellulose chromatography. The method of Klamerth (1965) as modified by Kit et al. (1967) and Mayor & Rather (I973) was used. Serva Nitro-Cel S (Gallard-Schlesinger Chemical Manufacturing Corp.) was packed in columns (5 cm x I cm) and equilibrated with 2 x SSC.
[3H]-labelled DNA samples in 2 x SSC were heated for IO rain in a boiling water bath and plunged into ice before being applied to the columns. Elution in 2 x SSC was followed by I x SSC, o.I × SSC and o.oi M-NaOH as shown in Fig. 5 -Quantitative recovery of input DNA was achieved in the total fractions. DNA samples comprised XI4 DNA and DNA extracted from uninfected cells as described in Fig. 5 .
Haemagglutination assay. Purified virus from gradients of CsC1 was dialysed against I x SSC before haemagglutination assay. Purified virus from renografin gradients was diluted I/IO in I x SSC before assay. Essentially the technique described by Ito & Mayor (I968) was used. Haemagglutination tests were carried out at 4 °C using an equal vol. of 0"4 ~ guinea pig red cells.
Electron microscopy of viral DNA. DNA fractions were diluted to I to 2/~g/ml in a hypophase of o'I5 M-ammonium acetate and prepared for electron microscopy by the microtechnique of Mayor & Jordan (I968) . When single-stranded regions were to be visualized in duplex molecules, 33 ~ formamide was included in the hypophase. Molecules were captured on collodion membranes and dehydrated in absolute ethanol and isopentane. The grids were then rotary shadowed with platinum-carbon. Contour lengths were measured on photographic enlargements using a calibrated map measurer. (Fig. 0 . Whole virus particles, as assayed by haemagglutinin activity (HA), were not released into the extracellular fluid during this time. However, when companion cultures were frozen and thawed and assayed for intracellular virus particles during the same time interval, HA activity was detectable at 24 h after infection and rose rapidly until approx. 48 h after infection (Fig. 1) .
RESULTS

DNA synthesized in infected cells
The results of a typical equilibrium sedimentation run in CsC1 of labelled DNA from supernatant fluids prepared from I M-NaC1 SDS-pronase XI4 infected cultures 24 h after infection are shown in Fig. 2b . Single [aH]-labelled peaks of radioactivity were obtained in all XI4 infected cultures with insignificant amounts of radioactivity in control noninfected cells. The mean density of the low tool. wt. DNA from Xi4-infected cultures was 1.7r4 g/ml. (The density of rat cell DNA is I-7oo g/ml). By contrast XI4 DNA extracted directly from virions banded at a density of 1.728 g/ml (Fig. 2 a) .
Further analysis of DNA extracted from infected cells was obtained after subsequent sedimentation in neutral and alkaline sucrose gradients in presence of SV4 o DNA of known properties. In most neutral gradients DNA sedimented in an almost identical manner to I6 S Form II SV4o DNA (Fig. 3 b) . However, in a number of gradients a smaller distinct peak of radioactivity corresponding to 27 S characteristics was sometimes resolved (Fig. 3a) . In an effort to determine whether this peak was related to the time of harvest after infection similar analyses were performed at 36 and 48 h after infection. However, no significant changes in the sedimentation profiles were observed in these experiments. In alkaline gradients the majority of XI4 DNA migrated as a I6S peak (Fig. 3 c) .
The majority of the Hirt supernatant DNA extracted from infected cells would appear to be in the double-stranded form (density 1.7t4 g/ml) whereas the density of virion DNA (I'728 g/ml) is consistent with a single-stranded configuration. This result is consistent with the published DNA densities for the double and single stranded forms of adenoassociated satellite viruses ( Single-stranded 'hair pin' from 27S region of neutral sucrose gradient described as Fig. 3(a) . 33 ~ formamide in hypophase. (c) Double-stranded molecule with single-stranded bands from 27S region of neutral sucrose gradient described in Fig. 3(a) . 33 ~ formamide in hypophase. (d) Typical single-stranded genome released from XI4 virion by alkali treated (o-I N-NaOH). 33 ~ formanaide in hypophase. (e), 0 r) Single-stranded 'hair pin" forms from I6S region of alkaline sucrose gradient peak described in Fig. 3 (e) . 33 ~ formamide in hypophase. (g) Typical single-stranded genome length molecule from I6S region of alkaline sucrose gradient peak described in Fig. 3 (c) . 33 ~ formamide in hypophase. Additional information relevant to the secondary structure of XI4 DNA was obtained by subsequent examination of these DNA fractions in the electron microscope. The I6S peaks from neutral sucrose gradients were visible without addition of formamide indicating that the majority of molecules were double stranded (Fig. 4a) . These molecules often demonstrated marked indentations indicating possible segmentation along their length. Material from the 27S region, when resolved, was not visualized unless formamide was included in the hypophase. Forms such as shown in Fig. 4 b, c, d were seen. Fig. 4d is single-stranded genome length molecule identical to that released directly from virions. Evidence for possible regions of complementarity were observed (Fig. 4 b 'loose hair pin'  configuration, Fig. 4c marked-complementarity with single-stranded ends) . Due to the difficulties in resolving the 27 S peak consistently it was not possible to make a quantitative estimate of the number of molecules occurring in these various forms.
XI4 replication
Similar observations were made on the essentially single-stranded ~6S peaks prepared from alkaline gradients. Molecules with a sharp band at approx, mid point made up approx. 20 ~o of the 5o molecules observed (Fig. 4 e, f, g ). Heat denaturation of Hirt pellet DNA from uninfected rat embryo cells converted essentially ioo ~ of the DNA to a single-stranded form eluting in o.oi N-NaOH (Fig. 5) I969; Gerry, Kelly & Burns, 1973; Hadidi et al. I973) . This is no doubt due to the unusual nature of the ASV-DNA replication scheme in which single, complimentary 'plus' and 'minus' strands of DNA are encapsidated in separate virions. We do not understand completely the mechanisms whereby this unique population is achieved. Studies on DNA extracted directly from autonomous parvoviruses have been difficult to perform, no doubt due to the problem of obtaining sufficient amounts of these DNAs. The ability to prepare DNA of XI4 and other autonomous parvoviruses (Tattersall et al. 1973 , and this communication) directly from infected cells has made this DNA more accessible to a quantitative approach. However, the complex nature of the intracellular DNA prepared from XI4 and other parvovirus infections revealed by this and previous studies (Tattersall et al. I973) , makes it difficult to compare it directly with the essentially linear single strands which have been isolated directly from virions (Fig. 4d) . No cases of naturally occurring covalently linked circular forms, either single or double-stranded, have been reported for either autonomous or defective animal parvovirus DNAs (Mayor &Ratner, I973; Koczot et al. I973; Gerry et al. I973) . In contrast, circular forms are readily found in both the single-stranded progeny and double-stranded replicative forms of the DNA of bacterial parvovirus ~X 174 (Sinsheimer, 1959) .
An important finding is that although the genome DNA extracted directly from X14 virus is single-stranded with a density of 1.728 g/ml in CsC1 the isolation of a single-stranded species directly from infected cells appears to be a relatively rare occurrence. A possible explanation of this finding is that single-stranded progeny DNA (27S) is synthesized rapidly through a double-stranded replicative form (RF 16 S) and immediately encapsidated into particles thus rendering it virtually unavailable as a Hirt supernatant DNA.
Another unusual finding is the isolation on nitrocellulose columns of significant amounts of an apparently double-stranded DNA even after heat denaturation. This finding is possibly analogous to the isolation of an exonuclease I resistant fraction by Tattersall et al. (1973) from denatured MVM double-stranded DNA. These investigators postulated a hair-pin type of molecular species and observations on XI4 DNA consistent with this suggestion have been reported here.
It would appear that the replicative mechanisms for the autonomous parvoviruses, although different from those of the defective parvoviruses such as the adeno-associated satellite viruses, and from bacteriophage ~XI74, are no less complex and have possibly unique structural requirements. The fact that the coding capacity of these parvovirus genomes appears to be significantly less than that required for synthesis of even the structural proteins needed (Rose et al. 197I ) would suggest that unusually efficient replicative mechanisms may be involved or parvoviruses are more dependent on cellular mechanism than other viruses. Continuing investigations at both the biochemical and structural level of these genomes should provide information relevant to this basic function.
